Fine fescues (Festuca L., Poaceae) are turfgrass species that perform well in low-11 input environments. Based on morphological characteristics, the most commonly-utilized 12
Introduction 25
With ca. 450 species, Fescues (Festuca L., Poaceae) is a large and diverse genus of 26 perennial grasses [1] . Fescue species are distributed mostly in temperate zones of both the 27 northern and southern hemispheres, but most commonly found in the northern hemisphere 28 [2] . Several of the fescue species have been commonly used as turfgrass. Based on both leaf 29 morphology and nuclear ITS sequences, fescue species can be divided into two groups: 30 broad-leaved fescues and fine-leaved fescues [3] . Broad-leaved fescues commonly used as 31 turfgrass include tall fescue (F. arundinacea Schreb.) and meadow fescue (F. pratensis Huds.). 32
Fine-leaved fescues are a group of cool-season grasses that include fine fescues. Five fine 33 fescue taxa: hard fescue (F. brevipila Tracey, 2n=6x=42), sheep fescue (F. ovina L., 2n=4x=28), 34 strong creeping red fescue (F. rubra ssp. rubra 2n=8x=56), slender creeping red fescue (F. 35 rubra ssp. litoralis (G. Mey.) Auquier 2n=6x=42), and Chewings fescue (F. rubra ssp. fallax 36 (Thuill.) Nyman 2n=6x=42) are commonly used as perennial turfgrasses [4] . All five taxa 37
share very fine and narrow leaves and have been used for forage, turf, and ornamental 38 purposes. They are highly tolerant to shade and drought, prefer low pH (5.5-6.5) and low 39 fertility soils [5] . Additionally, fine fescues grow well in the shade or sun, have reduced 40 mowing requirements, and do not need additional fertilizer or supplemental irrigation [4] . 41
Based on morphological and cytological features, fine fescues are currently divided into 42 two groups referred to as the F. rubra complex (includes F. rubra ssp. litoralis, F. rubra ssp. 43 rubra, F. rubra ssp. fallax) and the F. ovina complex (includes F. brevipila and F. ovina) [4] . 44
While it is relatively easy to identify fine fescue species into their proper complex, it is 45 challenging to identify taxa within the same complex. In the F. rubra complex, both ssp. 46 litoralis and ssp. rubra are rhizomatous while ssp. fallax is non-rhizomatous. However, the 47 separation of ssp. litoralis from ssp. rubra using rhizome length is challenging. Species 48 identification within the F. ovina complex heavily relies on leaf characters; however, 49 abundant morphological and ecotype diversity within F. ovina makes taxa identification 50 difficult [6] . This is further complicated by inconsistent identification methods between 51 different continents. For example, in the United States, sheep fescue is described as having 52 a bluish gray leaf color and hard fescue leaf blade color is considered green [5] , while in 53
Europe, it is the opposite [7] . Beyond morphological classifications, laser flow cytometry has 54 been used to determine ploidy level of fine fescues and some other fescue species [8] . A wide 55 range of DNA contents within each complex suggests that the evolutionary history of each 56 named species is complicated, and interspecific hybridization might interfere with species 57 determination using this approach. Plant breeders have been working to improve fine 58 fescues for turf use for several decades, with germplasm improvement efforts focused on 59 disease resistance, traffic tolerance, and ability to perform well under heat stress [9] . 60
Turfgrass breeders have utilized germplasm collections from old turf areas as a source of 61 germplasm [10] ; however, confirming the species identity in these collections has been 62 challenging. A combination of molecular markers and flow cytometry could be a valuable 63
tool for breeders to identify fine fescue germplasm [11] . 64
Due to the complex polyploidy history of fine fescues, sequencing plastid genomes 65
provides a more cost-effective tool for taxon identification than the nucleus genome because 66 it is maternally inherited, lack of heterozygosity, present in high copies and usable even in 67 partially degraded material. Previous studies have developed universal polymerase chain 68 reaction (PCR) primers to amplify non-coding polymorphic regions for DNA barcoding in 69 plants for species identification [12, 13] . However, the polymorphisms discovered from 70 these regions are often single nucleotide polymorphisms that are difficult to apply using 71 PCR screening methods. For these reasons, it would be helpful to assemble chloroplast 72 genomes and identify simple sequence repeat (SSR) and tandem repeats polymorphisms.
73
Chloroplast genome sequencing has been simplified due to improved sequencing 74 technology. In turfgrass species, high throughput sequencing has been used to assemble the 75 chloroplast genomes of perennial ryegrass (Lolium perenne cv. information on fine fescue species identification and their phylogenetic position among 79 other turfgrass species [16, 18] . In this study, we used flow cytometry to confirm the ploidy 80 level of five fine fescue cultivars, each representing one of the five commonly utilized fine 81 fescue taxon. We then reported the complete chloroplast genome sequences of these five 82 taxa, carried out comparative genomics and phylogenetic inference. Based on the genome 83 sequence we identified unique genome features among fine fescue taxa and predicted taxa 84 specific SSR and tandem repeat loci for molecular marker development. 85
Results 86

Species Ploidy Level Confirmation
87
We used flow cytometry to estimate the ploidy levels of five fine fescue taxa by 88 measuring the DNA content in each nucleus. DNA content was reflected by the flow 89 cytometry mean PI-A value. Overall, fine fescue taxa had mean PI-A values roughly from 90 110 to 180 (Figure 1 and Figure S1 ). F. rubra ssp. rubra cv. Navigator II (2n=8x=56) genomes shared similar GC content (38.4%) (Figure 2 , Table 2 ). The fine fescue chloroplast 122
genomes encoded for 113-114 genes, including 37 transfer RNAs (tRNA), 4 ribosomal RNAs 123
(rRNA), and 72 protein-coding genes ( Table 2) . Genome structures were similar among all 124
five fine fescue taxa sequenced, except that the pseudogene accD was annotated in all three 125 subspecies of F. rubra, but not in the F. ovina complex ( Table 3) . 
139
Contraction and expansion of the IR regions resulted in the size variation of chloroplast 140
genomes. We examined the four junctions in the chloroplast genomes, LSC/IRa, LSC/IRb, 141 SSC/IRa, and SSC/IRb of the fine fescue and the model turfgrass species L. perenne. Although 142 the chloroplast genome of fine fescue species was highly similar, some structural variations 143
were still found in the IR/LSC and IR/SSC boundary. Similar to L. perenne, fine fescue species 144 chloroplast genes rpl22-rps19, rps19-psbA were located in the junction of IR and LSC; rps15-145 ndhF and ndhH-rps15 were located in the junction of IR/SSC. In the F. ovina complex, the 146 rps19 gene was 37 bp into the LSC/IRb boundary while in the F. rubra complex and L. perenne, 147
the rps19 gene was 36 bp into the LSC/IRb boundary (Figure 3) . Genome-wide comparison among five fine fescue taxa showed high sequence similarity 164 with most variations located in intergenic regions (Figure 4) . included 17 different repeat types for the fine fescue species (Figure 5a , Table S1 ). The most 168 frequent repeat type was A/T repeats, followed by AT/AT. Similar to SSR loci prediction, we also predicted long repeats for the fine fescue species and 172 identified a total of 171 repeated elements ranging in size from 20 to 51 bp (Figure 5b , Table  173 S2). Complementary (C) matches were only identified in F. brevipila and F. ovina. F. rubra 174 species had more palindromic (P) and reverse (R) matches. Number of forward (F) matches 175
were similar between five taxa. Selected polymorphic regions were validated by PCR and 176 gel electrophoresis assay (Figure S2) . 177 178 To identify single nucleotide polymorphisms (SNPs) we used the diploid F. ovina gff3 194
file (JX871940.1) as the template gene model to count SNPs distribution. We found more 195
SNPs were located within intergenic regions in the F. ovina complex, while in the F. rubra 196 complex, SNPs were located evenly between gene coding and intergenic regions. Most 197
InDels were located in intergenic regions of the fine fescue species ( 
205
A sliding window analysis successfully detected highly variable regions in the fine 206 fescue chloroplast genomes (Figure 6, Table S5 ). The average nucleotide diversity (Pi) 207 among fine fescue species was relatively low (0.00318). The IR region showed lower 208 variability than the LSC and SSC region. There were several divergent loci having a Pi value 209 greater than 0.01 (psbK-psbI, trnfM-trnE, trnC-rpoB, psbH-petB, trnL-trnF, trnS-rps4, aptB-rbcL-210 psaI, and rpl32-trnL), but mostly within intergenic regions. The rbcL-psaI region contained a 211
highly variable accD-like region in some species, we looked at the structural variation of 10 212 species in the Festuca -Lolium complex. We found species in broad-leaved fescue and F. rubra 213 complex had similar structure, while F. ovina (2x, 4x) and F. brevipila had a 276 bp deletion 214
in the rbcL-psaI intergenic region (Figure 7) . 
Other turfgrass species in Lolium -Festuca complex
Region of deletion rbcL-psaI intergenic region rbcL psaI (Figure 8) 
Discussion 241
In this study, we used flow cytometry to determine the ploidy level of five fine fescue 242 cultivars, assembled the chloroplast genomes for each, and identified structural variation 243 and mutation hotspots. We also identified candidate SSR loci for marker development to 244 facilitate fine fescue species identification. Additionally, we reconstructed the phylogenetic 245 relationships of the Festuca-Lolium complex using plastid genome information generated in 246
this study along with other publicly-available plastid genomes. raises an interesting question about the mechanisms of the relocation of accD among closely 283 related taxa in the Festuca-Lolium complex and even within fine fescue species. 284
In plants, chloroplast genomes are generally considered "single copy" and lack of 285 recombination due to maternal inheritance [25] . For this reason, chloroplast genomes are 286 convenient for developing genetic markers for distinguishing species and subspecies. We 287
have identified a number of repeat signatures that are unique to a single species or species 288 complex in fine fescue. For example, complement match is only identified in F. ovina 289 complex, and F. rubra complex has more reversed matches. We also identified two SSR 290
repeats unique to each of the two complexes. The first one consists of AAATT/AATTT repeat 291
units is unique to F. rubra ssp. litoralis and F. rubra ssp. rubra, and the second one consists of 292 ACCAT/ATGGT repeat units is unique to F. brevipila and F. ovina. In cases like the 293 identification of hexaploids F. brevipila, F. rubra ssp. fallax, and Festuca rubra ssp. litoralis, it 294 is critical to have these diagnostic repeats given all three taxa share similar PI-A values from 295 flow cytometry. Taxon-specific tandem repeat could also aid the SSR repeats for species 296 identification. Nucleotide diversity analysis suggested that several variable genome regions 297 exist among the five fine fescue taxa sequenced in this study. These variable regions 298 included previously known highly variable chloroplast regions such as trnL-trnF and rpl32-299 trnL [13, 26] . These regions have undergone rapid nucleotide substitution and are 300 potentially informative molecular markers for characterization of fine fescue species. 301
Phylogeny inferred from DNA sequence is valuable for understanding the evolutionary 302
context of a species. The phylogenetic relationship of fine fescue using whole plastid 303 genome sequences agrees with previous classification based on genome size estimation and 304 morphology [8, 18] . The F. ovina complex includes F. ovina and F. brevipila and the F. rubra 305 complex includes F. rubra ssp. rubra, F. rubra ssp. litoralis and F. rubra ssp. fallax, with the two 306 rhizomatous subspecies (ssp. rubra and ssp. literalis) being sister to each other. Within the 307
Festuca -Lolium complex, fine fescues are monophyletic and together sister to a clade 308 consists of broad-leaved fescues and Lolium. In our analysis, F. brevipila (6x) is nested within 309 F. ovina and sister to the diploid F. ovina. It is likely that F. brevipila arose from the 310 hybridization between F. ovina (2x) and F. ovina (4x). Further research using nuclear loci is 311 needed to confirm this hypothesis. 312
The diversity of fine fescue provides valuable genetic diversity for breeding and 313 cultivar development. Breeding fine fescue cultivars for better disease resistance, heat 314 tolerance, and traffic tolerance could be achieved through screening wild accessions and by 315
introgressing desired alleles into elite cultivars. Some work has been done using Festuca 316 accessions in the USDA Germplasm Resources Information Network (GRIN) 317
(https://www.ars-grin.gov) to breed for improved forage production in fescue species [27] . 318
To date, there are 229 F. ovina and 486 F. rubra accessions in the USDA GRIN. To integrate 319 this germplasm into breeding programs, plant breeders and other researchers need to 320 confirm the ploidy level using flow cytometry and further identify them using molecular 321 markers. Resources developed in this study could provide the tools to screen the germplasm 322 accessions and refine the species identification so breeders can efficiently use these materials 323
for breeding and genetics improvement of fine fescue species. 324 
Materials and Methods 325
334
To determine the ploidy level of the cultivars used for sequencing and compare them 335
to previous work (2n=4x=28: F. ovina; 2n=6x=42: F. rubra ssp. litoralis, F. rubra ssp. fallax, and 336 F. brevipila; 2n=8x=56: F. rubra ssp. rubra), flow cytometry was carried out using Lolium 337 perenne cv. Artic Green (2n=2x=14) as the reference. Samples were prepared using CyStain 338 PI Absolute P (Sysmex, product number 05-5022). Briefly, to prepare the staining solution 339
for each sample, 12 µL propidium iodide (PI) was added to 12 mL of Cystain UV Precise P 340 staining buffer with 6 µL RNase A. To prepare plant tissue, a total size of 0.5 cm x 0.5 cm 341 leaf sample of the selected fine fescue was excised into small pieces using a razor blade in 342 500 µL CyStain UV Precise P extraction buffer and passed through a 50 µm size filter 343
(Sysmex, product number 04-004-2327). The staining solution was added to the flow-344 through to stain nuclei in each sample. Samples were stored on ice before loading the flow 345 cytometer. Flow cytometry was carried out using the BD LSRII H4760 (LSRII) instrument 346
with PI laser detector using 480V with 2,000 events at the University of Minnesota Flow 347
Cytometry Resource (UCRF). Data was visualized and analyzed on BD FACSDiva 8.0.1 348 software. To estimate the genome size, L. perenne DNA (5.66 pg/2C) was used as standard 349
[28], USDA PI 230246 (2n=2x=14) was used as diploid fine fescue relative (unpublished data).
350
To infer fine fescues ploidy, estimation was done using equations (1) and (2) 
Conclusions 423
Five newly-sequenced complete chloroplast genomes of fine fescue taxa were reported 424 in this study. Chloroplast genome structure and gene contents are both conserved, with the 425 presence and absence of accD pseudogene being the biggest structural variation between the 426 F. ovina and the F. rubra complexes. We identified SSR repeats and long sequence repeats of 427 fine fescues and discovered several unique repeats for marker development. The 428
phylogenetic constructions of fine fescue species in the Festuca -Lolium complex suggested 429 a robust and consistent relationship compared to the previous identification using flow 430 cytometry. This information provided a reference for future fine fescue taxa identification. 431 Supplementary Materials: 432 1. Figure S1 : Flow cytometry nuclei population distribution of L. perenne, fine fescues, and diploid USDA 433 PI accession. G1 populations were gated in red, G2 population was only gated in L. perenne in green.
434
2. Table S1 : SSR loci types and number distributions of fine fescue species predicted using MISA 435 program.
436
3. 
